Both natural and synthetic estrogens are capable of inducing renal neoplasms in Syrian hamsters with an incidence approaching 100%/. Neither the sequence of events nor the mechanisms involved in estrogen carcinogenesis in this model have been established. Results presented here indicate that estrogen induces renal tubular damage in the hamster kidney that is progressive and cumulative. Tubular injury was evident both as abnormal or lost microvilli, accumulation of cytoplasmic lipid droplets, vacuolization, and increases in secondary and tertiary lysosomes after 1.5 months of diethylstilbestrol (DES) treatment. Increasing tubular damage was evidenced by the detachment of tubular cells, cell debris, and occluded renal tubular lumens. In an effort to repair proximal tubular damage in the hamster kidney elicited by estrogens, a 4.0-fold increase in proximal tubule BrdU labeling was evident at 4 months of DES or 170-estradiol (E2) treatment and in earlier estrogen treatment periods (1-3 months). During this period, there was a significant increase in aneuploid cells in the hamster kidney, the near diploid frequency increased more than 6.0-fold, and the near tetraploid frequency increased at least 3.0-fold between 1.5 and 3.5 months of estrogen treatment. Based on these data, the early sequence of events leading to estrogen-induced renal neoplastic transformation in the hamster is presented.
Introduction
Estrogens have been associated as causative agents in tumor development for over half a century, and despite intensive investigation, whether hormonal agents behave as genotoxic or epigenetic carcinogens continues to be debated. The estrogen-induced kidney tumor in the hamster is one of the most investigated experimental models in hormonal carcinogenesis.
Despite this, little is known either about the sequence of events or mechanisms involved in the estrogen carcinogenicity of this and other hormone-induced animal cancers. Based on our studies, we have proposed that estrogens are nongenotoxic (epigenetic) carcinogens. We define nongenotoxic carcinogens as agents that do not act directly or indirectly with genetic material but nevertheless are capable of leading to heritable changes in the structure or sequence of the genetic material at the level of the nucleic acid, the gene, or the chromosome by alternative mechanisms.
Multiple, bilateral renal tumors can be induced by either natural and synthetic steroidal or stilbene estrogens in intact or castrated male Syrian hamsters, with an incidence near 100% (1) . It is relevant that spontaneous renal tumors in the hamster are essentially nonexistent (2) (3) (4) . Evidence is beginning to emerge from our laboratory on the general nongenotoxic sequence of events leading to estrogen-induced neoplastic transformation in the hamster kidney (5) . This paper describes the early events in estrogen carcinogenesis of the hamster kidney based on data from our laboratory. , and frozen at -20°C. Tissues were sectioned at 5 gm and mounted on microscopic slides. Before staining, sections were air dried, fixed in 4% formalin for 10 min, hydrated, and incubated in 1 N HCl for 60 min at 40°C. After incubation, the sections were washed in phosphate-buffered saline (PBS), pH 7.6, and treated with 1% hydrogen peroxide in methanol for 20 min. The slides were then incubated sequentially in blocking solution (normal horse serum) for 20 min, primary monoclonal antibody anti-BrdU (Becton-Dickinson, San Jose, CA) at a concentration of 0.12 ,ug/mL for 3 hr, biotinylated secondary antibody diluted in PBS for 30 min, and ABC complex for 45 min. After each incubation, the slides were washed with PBS. Finally, the sections were stained with diaminobenzidine (DAB) and counter-stained with hematoxylin, mounted, and examined under the microscope. Control slides were incubated with normal mouse IgG or without primary antibody. Bromodeoxyuridine (BrdU) incorporation was assessed in each kidney using at least 30 serial transverse sections from each tissue block. The labeling index (LI) represents the percentage of labeled cells divided by the total number of cells x 100. For the present studies, at least 5000 cells were counted in each section.
Chromosomal Analysis
In the preparation of metaphase chromosomes, cultured proximal tubules or cortical kidney fragments were treated with colchicine (0.4 ,ug/mL) for 3-4 hr. Kidney cells were trypsinized and then treated with hypotonic solution (0.075 M KCI) for 30 min at 37°C. The suspended cells were centrifuged, and the pellets were fixed in cold acetic acid: methanol (3:1) solution. Slides containing chromosomes were air dried and stained with 2% Giemsa solution. One hundred metaphases from each group were analyzed for aneuploidy.
Results

Cytotoxicity
Renal tubular damage was observed in hamsters after chronic estrogen (DES or E2) exposure. The severity of the tissue damage increased progressively with prolonged hormone exposure. The proximal convoluted tubules were the most affected, followed by the distal convoluted tubules and collecting ducts. Tubular injury was seen both in abnormal microvilli and losses in surface microvilli, accumulation of lipid droplets in the cytoplasm, and marked increases in numerous secondary and tertiary lysosomes (Fig.  1B,C) , none of which was seen in normal, untreated tubules (Fig. 1A) . In addition, numerous clear or empty vacuoles were evident in the renal tubular cells after chronic estrogen exposure. This may result from distended endoplasmic reticulum. Binucleated cells were also commonly observed in treated cells but were absent in untreated renal tubular cells. (Fig. 1B) . Detached tubular cells, cell debris, and partially or totally occluded renal tubular lumens were also found after prolonged estrogen treatment. In severely damaged tubular cells, the cytoplasm was swollen and projected into the tubular lumen as lighter, relatively empty cytoplasmic globules, which often resulted in complete obliteration of the lumen (Fig. 1C) . Glomerular in the near tetraploid frequency (6-7%) after 1.5 and 3.5 months of estrogen treatment (Fig. 3) . The percentage of aneuploid proximal tubular cells in DEStreated hamsters remained elevated at the same level after 9 months of hormone treatment (Fig. 4) . 
Discussion
Regenerative or reparative hyperplasia is a characteristic response of many nongenotoxic cytotoxic agents in the kidney (10) (11) (12) . Interestingly, these xenobiotic nephrotoxicants are also kidney carcinogens in male but not female rats. It has been suggested that this sequence of events, in which cell proliferation has a conspicuous role, is the driving force in the induction of these tumors (13) . It therefore may be surprising to some that excessive hormone exposure (i.e., estrogens) may have a similar sequence of initial events that then set the stage for the occurrence of aneuploidy and other chromosomal abnormalities in the hamster kidney.
A revised scheme (15) for the sequence of events leading to estrogen-induced renal tumorigenesis in the hamster kidney is presented in Figure 5 . There are two events occurring at approximately the same time. First, there is alteration in renal proximal tubule (RPT) cells, which is manifested by an elevation in both estrogen and progesterone receptors (14) . This clearly suggests an increased responsiveness of the 5 . Scheme for sequence of events leading to estrogen-induced renal tumorigenesis in hamsters.
